Introduction
Heavy metal halide semiconductors have been intensely investigated over the last decades, due to their rich structural chemistry and interesting optical and electronic properties. Recently, photovoltaic applications of tetrel halides such as Ge, 1 Sn, 2, 3 and most prominently
Pb halide perovskites 4, 5 have attracted tremendous interest. In comparison, the optoelectronic properties of bismuth halides have been the focus of many fewer studies. The simple iodide BiI 3 has been investigated for applications such as hard radiation detection, 6-9 Xray imaging, [10] [11] [12] and for solar cells as hole transport material. 13 Recently, some of us have demostrated that BiI 3 can be used as the active layer in photovoltaic devices. 14 Hybrid organic-inorganic bismuth halides have been studied regarding their rich structural variety 15, 16 and in some cases optical properties. [17] [18] [19] Despite their much simpler composition, the optoelectronic properties of the ternary inorganic bismuth halides, with their most common family being the enneahalogenidometallate phases A 3 Bi 2 X 9 (A = K, Rb, Cs, or Tl; X = halide), have not been explored as extensively. Here we focus on the heavy alkali metal bismuth iodides A 3 Bi 2 I 9 for which the crystal structures have been reported: A = K, 20 Rb, 21 and Cs. 22 While the phase transitions in the Cs compound have been wellstudied, [23] [24] [25] [26] only one report each for the K and Rb salt are to be found.
It is typical for the extensive family of A 3 M 2 X 9 structures that A and X atoms are closest packing and the M atoms occupy 2/3 of the octahedral X 6 voids. 24, 27, 28 Two main structure types of A 3 M 2 X 9 can be distinguished, the ones with hexagonal close packing and the ones with cubic close packing of A and X. For the bismuth iodides of the former group, isolated Bi 2 I 3− 9 ions result as pairs of face-sharing Bi-I octahedra (e.g. Cs 3 Cr 2 Cl 9 type Cs 3 Bi 2 I 9 ) and for the latter, defect-perovskites, corrugated layers of Bi-I octahedra are present (e.g. K 3 Bi 2 I 9 ). As the 6s lone-pair-bearing Bi 3+ is isoelectronic to the tetrel dications and soft or polarizable just as Pb 2+ , the bismuth halide crystal chemistry is similar to the lead halide perovskites: rich structual diversity is observed, including distortion, vacancies, and various modes of aggregation of the MX 6 octahedra. 15 However, Bi 3+ ex-hibits a stronger tendency to form structures of lower dimensionality of the metal halide units than Pb 2+ . Recently, the closely related caesium antimony iodide Cs 3 Sb 2 I 9 has been investigated as solar cell absorber layer and the electronic structure of its polymorphs has been calculated by density functional theory (DFT). 29 In contrast, the investigation of the properties of inorganic bismuth halides has been limited to some work reporting optoelectronic properties 21, [30] [31] [32] [33] and so far as we can discern, apart from a few calculated parameters for Cs 3 Bi 2 I 9 , 34 there are no computational studies of the electronic band structures available. Clearly complex bismuth halides are an interesting family of potentially solution-processable compounds, whose potential as an alternative to toxic lead halides is far from fully explored.
Here we present a combined, systematic experimental and computational study of some complex bismuth iodides, in an attempt to correlate crystal structure, electronic structure, and spectroscopic properties within this interesting materials class. Absolute band positions are derived using spectroscopic and DFT methods as a foundation for the rational design of device interfaces. From the DFT band structure calculations, we discuss band dispersion and bonding character, as well as dielectric response properties as indicators of charge carrier transport. We find the structural, electronic, and optical properties of the complex bismuth iodides to be somewhat similar to the related lead iodide perovskites.
The deeper valence band positions in the complex bismuth iodides calls for different choices to be made for hole transport materials in Bi-iodide based solar cell architectures.
In the two different structural types reported here, the distinct structural connectivity appears to not impact band positions or band gaps in a significant manner. However, band dispersions are significantly different for the two. 4
Methods

Materials Preparation
All chemicals were purchased and used as supplied: Red K 3 Bi 2 I 9 crystals of relatively poor quality for single crystal X-ray diffraction were obtained by heating a stoichiometric mixture of the binary iodides in an evacuated sealed fused silica ampoule, following a previously reported protocol. 21 High quality crystals of Rb 3 Bi 2 I 9 and Cs 3 Bi 2 I 9 were obtained through solvothermal reactions. In a typical preparation, the stoichiometric mixture (300 mg) of the iodides BiI 3 and RbI, or CsI, respectively, were suspended in Ethanol (6 cm 3 ) and heated to 120
• C in a pressure vessel (Parr autoclave with 23 cm 3 Teflon liner) for 6 h followed by a slow (5 • C/h) cooling to room temperature. Red prisms (A = Rb) or red hexagonal platelets (A = Cs) were isolated by filtration. All materials can be kept in dry air for many days (A = K) to months (A = Cs), before significant crystal degradation and decomposition into the crystalline starting iodides occurs.
Bulk powders of the ternary iodides were prepared by stirring the binary iodides in the stoichiometric ratio in CH 3 CN (2 cm 3 for 200 mg of product) for 5 h at room temperature.
For the K and Rb salts, the resulting red solution was concentrated under vacuum until little solvent was left over the forming precipitation which was then filtered off. The Cs analogue was filtrated directly from the stock solution. The salts were washed with diethyl ether and their phase purity was confirmed by powder X-ray diffraction. As an alternative new route to the pure A 3 Bi 2 I 9 salts, high-energy ball-milling of AI and Bi 3 in a 3:2 ratio (10 min for 200 mg) using tungsten carbide vials and balls in a Spex SamplePrep 8000D
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Dual mixer/mill was successfully applied.
Characterization Methods
X-ray diffraction data on powder samples (PXRD) was recorded for the K and Cs salts over the 2θ scattering angle range of 6
• to 70
• using Cu-Kα radiation (Philips X'Pert MPD diffractometer). For the Rb salt (sample diluted with 40w% cubic BN, Alpha Aesar), PXRD data using high-resolution synchrotron radiation was recorded on beamline 11-BM at the Ad- a full data set was collected at room temperature by sampling a fraction of the Ewald sphere with 0.5
• ω steps, while only lattice parameters were determined for the K and Cs salts. The cell refinement, data reduction, correction, and integration were peformed using Bruker's SAINT/SADABS software 36, 37 The structure was solved with Direct methods using SHELXS-97 and the refinement was done using SHELXL-2014. 38, 39 We used the program VESTA 40 for the graphical representation of the crystal structures and the thermal ellipsoids where plotted using ORTEP-III. 41 For additional crystal structure data see Supporting
Information; further details of the crystal structure investigation may be obtained from Scanning electron microscopy (SEM) images of thin film samples sputtered with gold/palladium to limit charging were collected using a FEI XL40 Sirion FEG digital scanning microscope in backscattered electron imaging mode. Optical spectra in the UV-Vis range from 220 to 800 nm were recorded using a Shimadzu UV3600 spectrometer in diffuse reflection on powder samples which were spread thinly onto compacted BaSO 4 powder. Diffuse reflection data were converted using the Kubelka-Munk transformation implemented in the spectrometer's software. Band gaps were extracted from Tauc plots 43, 44 of the Kubelka-Munk transformed reflection data assuming allowed direct or indirect low- Detailed scans near the valence band maximum (VBM) were collected with a dwell time of 600 ms and were repeated 3 times. The position of the VBM was determined from UPS spectra as the energy increment between the left and right edges of the spectral feature, subtracted from the incident photon energy (21.22 eV).
Computational Methods
The DFT computational study of the electronic band structures, including absolute band positions, was carried out using the Vienna ab initio Simulation Package (VASP). [45] [46] [47] [48] VASP implements density functional theory in the Kohn-Sham formulation, using a plane wave basis and the projector-augmented wave formalism (PAW). 49, 50 and high-frequency (ion-clamped) dielectric constants ( ∞ ij ) were calculated as reported previously. 56 Calculations of those dielectric response parameters for the related binary iodides PbI 2 56 using different computational schemes revealed that PBE+SOC is sufficient to reproduce values very close to the more accurate but computationally much more demanding HSE06+SOC. In the present work however, PBE without SOC was applied for the monoclinic systems to reduce computation time. Computations of the NMR observables for two structure models of Rb 3 Bi 2 I 9 , this work's model in P 2 1 /n and the P c model reported by Sidey et al., 20 were performed with the plane wave and PAW-based QUAN-TUM ESPRESSO package 57 together with the QE-GIPAW extension. QE-GIPAW computes the magnetic shielding at each nucleus using the gauge-including projector augmented wave formalism, 58, 59 and the electric field gradient at each nuclear site using standard PAW expressions. 60 PAW atomic datasets for Rb, Bi, and I were used based on the set recently published by Jollet, Holzwarth, and Torrent, and generated with the ATOMPAW code to create files suitable for QUANTUM ESPRESSO. 61, 62 Cut-off radii of 2.30, 2.90, and 2.30 Bohr were used for Rb, Bi, and I respectively; these are short enough that no PAW sphere overlap occurred. The PBE exchange and correlation functionals were used in all cases and the structures were computed with the experimental atomic positions and no subsequent optimization. Complete convergence required a planewave cut-off energy of 80 Ry (1088 eV) and a reciprocal point grid spacing of 0.02Å −1 ; however, as these values led to prohibitively large calculations for chemical shielding on the Rb 3 Bi 2 I 9 system, the values reported here were computed with a cut-off energy of 20 Ry (272 eV) and reciprocal point spacing of 0.04Å −1 . To check that these more modest values were sufficient, we computed the chemical shieldings for the rubidium alkali salts at both the fully converged levels and at the more modest levels used here, and found that the shift orderings were still correctly represented and that the systematic error of the PBE functional for chemical shielding calculations was essentially unchanged. This result means that our computation of observables for Rb 3 Bi 2 I 9 , even at modest convergence criteria, is useful for establishing experimental peak assignments and for differentiating between different potential crystal structure models.
Results and Discussion
Materials Preparation and Structure
In this work we have established a variety of new facile preparation routes for the ternary bismuth iodides A 3 Bi 2 I 9 (A = K, Rb, Cs). By reacting the corresponding binary iodides in stoichiometric ratio in organic solvents at room temperature or simply ball-milling them, high purity materials were obtained. Previously, methods for growing single crystals, typically at high temperatures from the melts, have been reported. 20, 21, 23 We have found that single crystals of up to 1 mm can also be obtained at very mild solvothermal conditions in ethanol at 120
• C for A = Rb, Cs. As the solubility of the ternary bismuth iodides decreases rapidly with increasing counter cation size, the Cs salt could be isolated directly by filtration of a acetronitrile solution of the starting iodides. For the isolation of powders of the K and Rb salts, the solution was concentrated under vacuum prior to filtration. Thin films were deposited from organic solvents by drop-casting or spin-coating. In future work, the procedures must be carefully optimized to improve microstructure, grain orientation and film quality, but generally the solution-processibility makes this family of heavy metal halides very appealing for technological applications. In this work, the crystal structures were determined for powder and single crystal samples and optoelectronic properties were examined for powders (UV-Vis) and thin films (XPS, UPS), respectively.
The stability in ambient atmosphere has been monitored by PXRD on as-prepared polycrystalline powder samples. With increasing size of the counter cation, the salts kept well for hours (K) to months (Cs) in ambient air, which is considerably longer than the extremely oxidation sensitive Sn 2+ iodides or the moisture sensitive Pb 2+ iodides would withstand. Exploring the effects of other factors on the stability, such as different grain sizes and thus surface areas as a result of different preparation processes, will be an important future task. Our preliminary studies have confirmed that phase widths of mixed counter cations K-Rb, Rb-Cs, K-Cs exist in the A 3 Bi 2 I 9 phases. Taking into account not only the counter cation but also the variability of the central metal and halide, which has been previously explored only in some extent, 63 this rich family of compounds offers a large variety of new interesting phases with tunable properties.
The crystal structures of the three ternary bismuth iodides A 3 Bi 2 I 9 (A = K, Rb, Cs) were examined by X-ray diffraction. Unit cell dimensions were derived from single crystal measurements and the phase purity was confirmed by Rietveld refinements of powder diffraction data (see Figure 1 , Table 1 , 2, and Supporting Information). For all three phases, the densities calculated from the structural data correspond nicely to the experimental densities which were determined by He gas displacement measurements (Supporting Information). For K 3 Bi 2 I 9 21 and Cs 3 Bi 2 I 9 , 22 an excellent agreement with previous crystal structure reports was obtained, while the redetermination of the structure of Rb 3 Bi 2 I 9 led to a new structure model with the space group P 2 1 /n instead of the previously reported model in space group P c. 20 From X-ray diffraction of Rb 3 Bi 2 I 9 single crystals, this space group Crystal structures of (a) BiI 3 (R3), 64 (b) Cs 3 Bi 2 I 9 (P 6 3 /mmc), 22 and (c) Rb 3 Bi 2 I 9 (P 2 1 /n) with empty squares marking the unoccupied metal positions of the perovskite aristotype. Small spheres represent I − , large spheres are counter cations A + , and spheres inside polyhedra are Bi 3+ . The close relationship to the perovskite structure is obvious from the coordination environment of the BiI 6 octahedra (Ortep plot with ellipsoids at 80%). could be clearly derived from the unit cell metrics (a = 14.6443 (19) , b = 8.1787 (9) , c = 20.885(2)Å, β = 90.421 (7) • ), the symmetry (Laue class 2/m) and the systematic zonal and serial extinction conditions (h0l reflections only present for h+l = 2n, h00 reflections only present for h = 2n). The solution of the crystal structure using direct methods led to the expected composition with four formula units per unit cell and all atoms occupying general positions (Wyckoff sites 4e). Using anisotropic thermal displacement parameters, the structure model was refined to a good fit and reliable R1 value in few iterations. The final values of the positional and displacement parameters are listed in Table 2 . Additional structural data as well as information about the transformation between the group subgroup pair P 2 1 /c (P 2 1 /n) and P c are included in the Supporting Information. It is likely that Sidey et al. 20 reported the Rb 3 Bi 2 I 9 crystal structure in the acentric space group Pc as a consequence of the crystal twinning in the crystal studied. The atomic positions and unit cell derived in this work are very similar to this previously published structure. In the following, the crystal structure of Rb 3 Bi 2 I 9 will be discussed in detail, while the structures of the isotypic K 3 Bi 2 I 9 , 21 of Cs 3 Bi 2 I 9 crystallizing with the Cs 3 Cr 2 Cl 9 structure type, 65 The RbI 8 coordination polyhedra can be described as heavily distorted bicapped trigonal prisms with similar volumes of about 94Å 3 for all the three Rb sites (Figure 3 ). In the context of the complete structure, Rb1 sits inside the corrugated layers of BiI 6 octahedra, while Rb2 and Rb3 exhibit local environments similar to each other at the edges of those layers. Thereby, the volume of the trigonal antiprism of Bi sites surrounding Rb1 by MAS NMR experiments in combination with DFT-simulation of the NMR observables in order to confirm our centrosymmetric structure model for Rb 3 Bi 2 I 9 as opposed to the previously reported non-centrosymmetric model.
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Figure 4: (a)
87 Rb MQ-MAS NMR spectra of Rb 3 Bi 2 I 9 recorded at 130.92 MHz. The deconvolution of the 1D spectrum (b) into the three Rb sites (see Figure 3 ) with C q , η, and δ iso parameters derived from the fits of the individual traces (see Table 3 ) yields the expected integrated area ratio of 1:1:1 in good agreement.
The NMR spectrum of solid Rb 3 Bi 2 I 9 displays two main features which are broad and overlapping when recorded with a 400 MHz spectrometer (Figure 4) . However, the 3QMAS experiment reveals clearly that there are three distinct sites which is in agreement with the three Rb sites of our crystallographic structure model. The traces for each signal obtained from the 3QMAS measurement were fitted with a good agreement to extract NMR parameters which can be simulated by DFT-calculations: the isotropic chemical shift δ iso , the absolute quadrupolar coupling parameter C q , and the anisotropy parameter of the quadrupolar interaction η (Table 3) . Using those parameters, the 1D spectrum could be deconvoluted with a decent fit into three signals ( Figure 4a ). As expected from the 1:1:1 crystallographic ratio, the integrated areas of those three signals are practically the same (site 1: 1.00, site 2: 0.97, site 3: 0.97). The DFT calculations of the NMR parameters (Table 3 ) allowed us to compare the NMR signature of our structure model in P 2 1 /n directly to the non-centrosymmetric P c structure published by Sidey et al. 20 While the calculated chemical shifts for the P 2 1 /n model are shifted systematically by approximately 25 to 30 ppm compared to the experimental values, the relative shifts differences between the sites are well reproduced. Including the expected shift from the second order quadrupole effect under Magic Spinning does not change this conclusion: using the computed values for C q in addition to the total shielding again yields a predicted spectrum with two nearly overlapping sites shifted upfield from a third site about 35 ppm downfield.
We can thus directly assign the most downfield signal to the Rb1 site (Figure 3a) , based on the agreement of experimental and calculated isotropic chemical shift and quadrupolar parameters. As the C q and η parameters can be calculated with much greater accuracy and reliability than the chemical shift, we use those to assign the signal observed at δ iso = 41 ppm to the Rb2 site and the one at δ iso = 44 ppm to the Rb3 site (Figure 3b,c) . For the non-centrosymmetric structure model published in space group P c, the six sites would give rise to six distinct 87 Rb signals spread over a spectral range of over 85 ppm (110 ppm after quadrupole effects are accounted for, see Table 3 ). This is obviously in stark contrast with our experimental results, which can most clearly be observed in the wide ppm-range section of the single pulse 87 Rb MAS NMR spectrum recorded at higher field (Supporting Information). Those results together with our crystallographic studies provide very strong evidence that the correct structure description of Rb 3 Bi 2 I 9 is our centrosymmetric one, which renders this salt strictly isotypic with K 3 Bi 2 I 9 21 and Tl 3 Bi 2 I 9 66 as has been hinted at previously. 
Optical and Electronic Properties
Figure 5: UV-Vis diffuse reflection spectra recorded on powder samples of A 3 Bi 2 I 9 and BiI 3 transformed into absorbance A. Band gaps were obtained using Tauc plots assuming direct gaps for A = K, Rb and indirect gaps for the remaining phases as predicted by DFT calculations (see Table 4 ).
The optical band gaps of A 3 Bi 2 I 9 (A = K, Rb, Cs) were derived from Tauc plots of Kubelka-Munk-transformed diffuse reflection UV-Vis data ( Figure 5 , Table 4 89 eV for A = Cs that were reported previously. 33 In the same study, the descending band gap magnitude of A 3 M 2 I 9 was correlated with ascending melting points and ascending average atomic numbers. Still, the counter cation, structure type, and thus connectivity mode and dimensionality of the BiI 6 octahedra have very little influence on E g . The band gap of the layered polymorph of Cs 3 Sb 2 I 9 of around 2 eV 29 indicates that the variation of the central metal from Bi to Sb also does not have a strong impact on the magnitude of the gap. For the bismuthates, we observe that steepness of the edge, however, is greater for the layered structure types compared to the Cs 3 Bi 2 I 9 structure containing isolated anions.
A steep edge is desirable, as for related lead halide perovskites a steep absorption edge has been correlated to little disorder-induced broadening and the absence of deep optically detectable states. 69 The ionization energy IE, that is, the position of the valence band maximum (VBM) with respect to the vacuum energy, was determined for the A 3 Bi 2 I 9 phases by UPS measurements of thin film samples (see K 3 Bi 2 I 9 example in Figure 6 and Supporting Information for Rb and Cs salts). The sample surface composition was confirmed by XPS prior to recording the UPS spectra. We carried out between three and six UPS measurements of different thin film sample preparations for every compound to gauge the reproducibility and error of this method. The experimentally derived ionization energies are listed in Table 4 . VBM deter- 
Electronic Structure Calculations
In order to support our experimental work with a robust and relatively fast method of determining absolute band positions, we applied DFT calculations to estimate the band positions with respect to the vacuum level. For the binary BiI 3 as a computationally less demanding and closely related proxy, we conducted slab calculations 55 (PBE+SOC, computational details see our previous work 56 ) using a half-filled 1×1×4 super-cell to find the absolute VBM position. Details of these calculations have been reported elsewhere. 14 We then aligned deep s-like Bi states of the ternaries' DOS (HSE+SOC) to the corresponding BiI 3 states to obtain absolute VBM positions for all compounds (see Supporting Information). VBM + E g . In addition, the band positions of each of a commonly used electron and hole transport material for heavy metal halide photovoltaic devices, anatase TiO 2 and Polyarylamide PTAA, 71 are included. Here, taking into account the broad spectral absorption in the optical range, we suggest using the bismuth halides as solar cell absorber layer instead of as previously reported as hole transport layer. 13 The calculated E g and VBM values are listed in Table 4 . The agreement of the calculated values to the experimental data ranges is remarkable, suggesting that our relatively fast method of deriving absolute band positions from slab calculations only for a relatively simple reference compound and only needing advanced level (HSE+SOC) single unit cell DOS can be an excellent screening tool. The calculated band gaps for the ternary iodides increase from 2.2 eV to 2.3 eV with increasing counter cation size. This trend is not in agreement with the experimentally determined gaps in this and previous work 33 which might be due to the fact that the Cs salt unit cell volume is relatively more overestimated during the DFT structure optimization compared to the lighter alkali metal homologues. The VBM levels for the 2D layered K and Rb bismuth iodides around −6.0 eV are very similar to the layered BiI 3 , and thus the nature and size of the counter cation (or even its absence) does not seem to have be relevant to the VBM position as long as the dimensionality of the Bi-I-units remains the same. In comparison, the 0D Cs 3 Bi 2 I 9 exhibits a shallower level. The same trend was reported for the series of hybrid lead iodides ranging from the 3D perovskite CH 3 NH 3 PbI 3 to layered derivatives of decreasing perovskite slab thickness. 72 For the layered antimony homologue Cs 3 Sb 2 I 9 , the ionization potential was also reported to be 5.7 eV. 29 Potentially this is due to competing effects: increased anion dimensionality deepening the VBM and the lighter For photovoltaic device construction, in addition to efficient solar light absorption and well-aligned transport band positions of the components, long charge carrier diffusion lengths are essential. In electronic band structures the curvature of the bands is correlated with charge carrier effective mass and thus pronounced band dispersions can be indicative of high mobility. 74 Additionally, the band bonding character of heavy metal halides has been correlated with defect-tolerance. 34 As the band structures of the isotypic layered In the homologous alkali antimony halides such as Cs 3 Sb 2 I 9 29 and in the isoelectronic tetrel halide perovskites 56, [76] [77] [78] the optical transition involves the same corresponding states and these materials' unique optoelectronic properties have been attributed in part to the effect of the ns 2 metal ions. For CH 3 NH 3 PbI 3 , the strong p-character of the valence and the conduction band around the gap have been reported to lead to a high joint density of states, resulting in an unusually large optical absorption coefficient. 77 The combination of a direct band gap and p-p optical transitions in the 2D layered A 3 Bi 2 I 9 phases makes them very promising for next generation optoelectronics.
As discussed above, there are no obvious signs of stereochemical activity of the Bi 3+ 6s lone pair in the studied A 3 Bi 2 I 9 structures. However, those phases are prone to undergo structural phase transitions as reported for Cs 3 Bi 2 I 9 , 24-26 which could be potentially lone- 79 From this one can conclude that the 2D phases might be more defect-tolerant than the 0D bismuth halide phases. However, the applicability of Cs 2 SnI 6 which contains isolated SnI 2− 6 octahedra as a photovoltaic hole transport layer, 84 enforces our point that the structural influences on the optoelectronic properties of heavy main group metal halides are complex and even the phases with low dimensional bismuth halide units hold the potential for interesting future applications.
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Conclusion
In the search for promising materials for optoelectronic applications, we look for band gaps that are well-matched with the excitation spectrum, efficient light absorption, and facile carrier transport. 34 Here we have investigated complex bismuth iodides A 3 Bi 2 I 9 (A = K, Rb, Cs) both experimentally and computationally. New facile preparation routes from organic solvents and by mechanical mixing are presented and initial thin film fabrication procedures are reported. From our preliminary observations, the chemical stability seems to be greater than for the related lead halides. Crystal structures were redetermined by X-ray diffraction, as the basis for advancing structure-composition-property relationships.
For the layered defect-perovskite Rb 3 Bi 2 I 9 , we report an improved centrosymmetric struc- Given the solution-processability and the range of similar optoelectronic properties paired with a much lower toxicity compared to the lead halide perovskites, the structurally rich class of complex bismuth halides is a new promising class of materials for optoelectronic application.
Supporting Information Available
Relevant group-subgroup relationships, crystallographic data including bond distances, Figure S1 : The group subgroup relation between P 2 1 /c and P c is characterized by an index t2 and the rotation-translation transformation matrix A, which relates the coordinate system of the subgroup to that of the supergroup. Upon symmetry reduction from P 2 1 /c to P c, each atomic position, Wyckoff site 4e, splits into two sites 2a. The coordinate system of the space group P 2 1 /n can be transformed to the setting P 2 1 /c by the rotation matrix A. Figure S2:
87 Rb single pulse MAS NMR spectrum of Rb 3 Bi 2 I 9 recorded at 261.9 MHz. The spectrum was deconvoluted into three signals corresponding to the three Rb sites following the assignment established in the MQ-MAS studies. It is obvious how the observed signals are in stark contrast to what would be expected from our DFT calculations for the non-centrosymmetric structure published previously. 4 6 Figure S3 : UPS spectra of (a) Rb 3 Bi 2 I 9 and (b) Cs 3 Bi 2 I 9 . From UPS data, the position of the valence band maximum (VBM) was determined by subtracting the energy difference between both edges of the spectral feature from the excitation wavelength (He I lamp, 21.22 eV). Figure S4 : Absolute band position estimation for A 3 Bi 2 I 9 based on the calculated density of states (DOS, HSE+SOC) of a single unit cell. The s-like deep Bi states (horizontal dotted line) of the ternary iodides were aligned with the corresponding states in the DOS of BiI 3 which had been offset to an absolute scale using slab calculations. 5 7
